.-Excess superoxide has been implicated in pulmonary hypertension (PH). We previously found lung overexpression of the antioxidant extracellular superoxide dismutase (EC-SOD) attenuates PH and pulmonary artery (PA) remodeling. Although comprising a small fraction of total SOD activity in most tissues, EC-SOD is abundant in arteries. We hypothesize that the selective loss of vascular EC-SOD promotes hypoxia-induced PH through redox-sensitive signaling pathways. EC-SOD loxp/loxp ϫ Tg cre/SMMHC mice (SMC EC-SOD KO) received tamoxifen to conditionally deplete smooth muscle cell (SMC)-derived EC-SOD. Mice were exposed to hypobaric hypoxia for 35 days, and PH was assessed by right ventricular systolic pressure measurements and right ventricle hypertrophy. Vascular remodeling was evaluated by morphometric analysis and two-photon microscopy for collagen. We examined cGMP content and soluble guanylate cyclase expression and activity in lung, lung phosphodiesterase 5 (PDE5) expression and activity, and expression of endothelial nitric oxide synthase and GTP cyclohydrolase-1 (GTPCH-1), the rate-limiting enzyme in tetrahydrobiopterin synthesis. Knockout of SMC EC-SOD selectively decreased PA EC-SOD without altering total lung EC-SOD. PH and vascular remodeling induced by chronic hypoxia was augmented in SMC EC-SOD KO. Depletion of SMC EC-SOD did not impact content or activity of lung soluble guanylate cyclase or PDE5, yet it blunted the hypoxia-induced increase in cGMP. Although total eNOS was not altered, active eNOS and GTPCH-1 decreased with hypoxia only in SMC EC-SOD KO. We conclude that the localized loss of PA EC-SOD augments chronic hypoxic PH. In addition to oxidative inactivation of NO, deletion of EC-SOD seems to reduce eNOS activity, further compromising pulmonary vascular function. extracellular superoxide dismutase; pulmonary vascular remodeling; endothelial nitric oxide synthase; guanosine 3=,5=-cyclic monophosphate; hypoxia; guanylate cyclase; phosphodiesterase; nitric oxide synthase PULMONARY HYPERTENSION (PH) is a progressive lethal disease affecting children and adults. The currently available therapies for PH have not adequately improved patient outcomes; therefore, a better understanding of the mechanisms underlying the development of PH is necessary to develop effective therapeutic approaches (18, 26, 29) . Oxidative stress and reactive oxygen species (ROS) signaling are now recognized to have a critical role in the pathogenesis of human PH and animal models of PH (2, 7, 8, 15) . This area of investigation has important translational implications since antioxidant treatments interrupt multiple pathological signaling pathways, but it is complicated by the observations that low levels of ROS are essential to normal cell signaling, and the reactions of ROS are highly compartmentalized. This makes it necessary to consider the dysregulation of specific ROS and antioxidants involved in the pathological processes as well as the tissue and cellular compartmentalization when interrogating mechanisms or designing new therapeutic strategies. The sole extracellular enzymatic defense against superoxide (O 2 ·Ϫ ) is the antioxidant extracellular superoxide dismutase (EC-SOD or SOD3). EC-SOD is one of three known mammalian isoforms of SOD, which also include cytosolic Cu-Zn SOD (SOD1) and mitochondrial Mn-SOD (SOD2). Although EC-SOD constitutes a small fraction of total SOD activity in most tissues, it comprises up to 70% of the total SOD in arteries (17, 24, 28, 30) . The high prevalence of EC-SOD in arteries under normal conditions results from its high expression by vascular cells as well as its positively charged COOH-terminus (heparin binding domain), which enables it to bind avidly to the matrix-rich vessel wall (1, 6, 17) . In one human study testing bronchial tissue from individuals with end-stage idiopathic pulmonary arterial hypertension (PAH) as well as a number of animal models of PH, EC-SOD expression and activity are decreased with established PH (25, 33) . Total body deletion of EC-SOD in animal models of PH worsens outcome, whereas overexpression of lung EC-SOD activity protects against both elevated pulmonary artery pressures and vascular remodeling (3, 17, 27, 36) . Based on this information, investigating the consequence of insufficient vascular EC-SOD is necessary to more fully understand the role of ROS in PH. We therefore hypothesized that the specific loss of EC-SOD within the pulmonary artery would worsen PH caused by chronic hypoxia, a well-established and reproducible mouse model of PH.
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The sole extracellular enzymatic defense against superoxide (O 2 ·Ϫ ) is the antioxidant extracellular superoxide dismutase (EC-SOD or SOD3). EC-SOD is one of three known mammalian isoforms of SOD, which also include cytosolic Cu-Zn SOD (SOD1) and mitochondrial Mn-SOD (SOD2). Although EC-SOD constitutes a small fraction of total SOD activity in most tissues, it comprises up to 70% of the total SOD in arteries (17, 24, 28, 30) . The high prevalence of EC-SOD in arteries under normal conditions results from its high expression by vascular cells as well as its positively charged COOH-terminus (heparin binding domain), which enables it to bind avidly to the matrix-rich vessel wall (1, 6, 17) . In one human study testing bronchial tissue from individuals with end-stage idiopathic pulmonary arterial hypertension (PAH) as well as a number of animal models of PH, EC-SOD expression and activity are decreased with established PH (25, 33) . Total body deletion of EC-SOD in animal models of PH worsens outcome, whereas overexpression of lung EC-SOD activity protects against both elevated pulmonary artery pressures and vascular remodeling (3, 17, 27, 36) . Based on this information, investigating the consequence of insufficient vascular EC-SOD is necessary to more fully understand the role of ROS in PH. We therefore hypothesized that the specific loss of EC-SOD within the pulmonary artery would worsen PH caused by chronic hypoxia, a well-established and reproducible mouse model of PH.
To test our hypothesis, we used a genetically engineered mouse in which loxP sites had been cloned flanking the EC-SOD coding region. These mice were crossed with transgenic mice in which the myosin heavy chain gene promoter drives expression of tamoxifen-inducible Cre-recombinase (SMC EC-SOD KO). These mice exhibit pronounced EC-SOD knockdown in aorta (23) . We now report that EC-SOD was also markedly reduced in pulmonary artery while total lung EC-SOD content was unchanged. Despite stable total lung EC-SOD, the knockdown of EC-SOD in the pulmonary vasculature augmented development of chronic hypoxic PH and pulmonary vascular remodeling. EC-SOD increases NO  · bioavailability by limiting the reaction of NO  · with O 2  ·Ϫ ; the  original description of these mice demonstrated both increased  vascular O 2 ·Ϫ and decreased vascular NO · (23) . Because decreased EC-SOD activity is associated with impaired cGMP signaling in a different model of PH (14, 34) , we evaluated the soluble guanylate cyclase (sGC)-cGMP-phosphodiesterase 5 (PDE5) axis. Although we did not find evidence that vascular loss of EC-SOD impaired cGMP-dependent signaling, our data suggested that, in addition to its known effects to cause O 2 ·Ϫ -mediated inactivation of NO · , loss of vascular EC-SOD may augment chronic hypoxic PH via cGMP-independent pathways through loss of eNOS activation. These data provide strong evidence that the compartmentalization of the production of ROS and antioxidant scavenging, and in particular the loss of extracellular vascular-derived EC-SOD, is critically important in the development of pulmonary vascular disease.
MATERIALS AND METHODS
Mouse model. Animal studies were approved by the University of Colorado Institutional Animal Care and Use Committee. We used EC-SOD loxp/loxp ϫ Tg cre/SMMHC mice (SMC EC-SOD KO) with a conditional knockdown of EC-SOD specifically in smooth muscle cells (SMC) and EC-SOD loxp/loxp (EC-SOD control) mice (23) . Crerecombinase (Cre) was activated via an estrogen receptor by intraperitoneal injection of tamoxifen suspended in sterile sesame oil (Sigma-Aldrich) at a dosage of 0.4 mg/20 g of body wt for five consecutive days. Cre was driven by smooth muscle cell myosin heavy chain (SMMHC) promoter to target SMC and was located on the Y chromosome; therefore, only male mice were used. All mice received tamoxifen injections beginning at 6 wk of age and were recovered for 14 days to allow for elimination of tamoxifen. Mice were then maintained in normobaric normoxia or hypobaric hypoxia for up to 35 days. For hypoxia, mice were placed in hypobaric chambers at a simulated altitude of 18,000 ft above sea level (395 Torr), conditions equivalent to 10% atmospheric oxygen. Normoxic mice remained in Denver (5,280 ft) ambient air. Wild-type C57/Bl6 and total body EC-SOD KO mice were used for isolation of pulmonary artery smooth muscle cells (PASMC) (Jackson Laboratories).
Hemodynamic measurements and tissue harvesting. Mice were anesthetized with inhaled isofluorane (1.5-4%) under normoxic conditions. As previously described, PH was evaluated by right ventricular systolic pressure (RVSP), measured by direct right ventricle (RV) puncture in a closed chest (27) . A 25-gauge needle attached to a pressure transducer was introduced in the RV, and live pressure tracings were measured using the Cardiomax III Cardiac Output program (Columbus Instruments). The chest was opened, and lungs were flushed with 5 ml cold PBS via the RV. The right lung was flash-frozen while the left lung was inflation fixed at 20 cmH 2O pressure in 4% paraformaldehyde for 30 min and then dissected from the chest cavity and placed in 4% paraformaldehyde at 4°C for 2 days followed by 70% ethanol and paraffin embedding. The hearts were removed, and the RV was separated from the left ventricle under a dissecting microscope and then weighed to determine the ratio of the RV/left ventricle ϩ septum weights.
Protein isolation. Pulverized lung and thoracic aorta tissue was homogenized in T-PER (Thermo Scientific) containing protease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich) and centrifuged to remove tissue debris. Protein concentration was determined using the Pierce 660-nm protein assay reagent (Thermo Scientific). For studies of sGC and PDE5 expression and activity, frozen lung was pulverized and homogenized in 1ϫ Mg 2ϩ lysis buffer (EMD Millipore) supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and a phosphatase inhibitor cocktail (EMD Biosciences). Lung protein extracts were sonicated, and protein concentration was determined using the Bradford assay (13, 20) . Pulmonary artery protein was isolated from pulmonary arteries as previously described (13) . Briefly, lungs were perfused with warmed agarose containing iron particles. The lung was cooled to solidify the agarose and then minced. The minced lung was then treated with collagenase and sheared with an 18-gauge needle to enable separation of the vessels from lung tissue. The iron-containing vessel segments were separated from the surrounding lung using a DynaMag-50 (Invitrogen). For protein homogenates, the vessel-iron pellet was resuspended in lysis buffer and sonicated on ice. The iron particles were separated from the vessel homogenate, and protein concentration was measured.
Western blot analysis. For Western blot analysis, 20 -40 mg of lung, aortic, or pulmonary artery protein were loaded on a 4 -12% Bis-Tris Criterion XT Precast Gel (Bio-Rad), and protein was separated by gel electrophoresis. Proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad) or Hybond-ECL nitrocellulose (GE Healthcare Biosciences) using a Novex Semi-Dry Blotter (Invitrogen). Blots were blocked with 5% milk in Tris-buffered saline with 0.05% Tween 20 and probed with the following primary antibodies: polyclonal rabbit polyclonal EC-SOD antibody at 1:1,000 (Santa Cruz), mouse monoclonal endothelial nitric oxide synthase (eNOS) at 1:1,000 (BD Transduction), rabbit polyclonal phosphoeNOS at 1:1,000 (Abcam), rabbit polyclonal GTP cyclohydrolase-1 (GTPCH-1) at 1:800 (Abcam), rabbit polyclonal PDE5 at 1:1,000 (Santa Cruz Biotechnology), rabbit polyclonal sGC␣ at 1:1,000 (Cayman Chemical), sGC␤ at 1:1,000 (Cayman Chemical), or mouse monoclonal ␤-actin at 1:5,000 (Sigma-Aldrich) overnight at 4°C followed by an anti-rabbit or mouse horseradish peroxidase-conjugated secondary antibody at the appropriate dilution (EMD Millipore, Cell Signaling). Blots were developed with enhanced chemiluminescence (ECL) (Thermo Scientific). For normalization, bands were quantified by densitometry using ImageJ software from the National Institutes of Health (NIH) or Image Lab Software (Bio-Rad). Data are shown as fold Ϯ SE relative to EC-SOD control mice (13, 20) .
SOD activity assay. Lung tissue was homogenized in SOD activity assay buffer, and EC-SOD was separated from intracellular SOD (SOD1 and SOD2) using the Glycoprotein Isolation Kit, ConA (Pierce Biotechnology), as recently described (16) . Activity levels were determined using the SOD assay kit-WST (Dojindo Molecular Technologies), according to the manufacturer's instructions. Data were expressed as units of EC-SOD activity per gram of lung tissue.
Measurement of muscularization and medial wall thickness. Lung sections were immunostained with mouse monoclonal ␣-smooth muscle actin (␣-SMA) antibody (1:1,000, Clone 1A4) (Sigma-Aldrich), using the Mouse on Mouse Basic Kit and the Elite ABC reagent (Vector Laboratories). The slides were developed with ImmPACT DAB peroxidase substrate and counterstained with hematoxylin QS (Vector Laboratories). Tissue sections were examined by light microscopy and photographed on a Zeiss Axiovert S100. The number of small vessels (Ͻ50 m) with positive ␣-SMA staining was counted in 10 fields of view (ϫ10 magnification) to evaluate muscularized small pulmonary vessels. For medial wall thickness (MWT), four measurements of the perpendicular lumen radius and medial wall were taken in small muscularized arteries (Ͻ200 m). MWT was expressed as the average MWT divided by the average vessel radius. The analysis of ␣-SMA staining was evaluated by an investigator blinded to treatment groups.
Collagen analysis. Collagen deposition around pulmonary arteries Ͻ200 m associated with terminal bronchioles was analyzed by nonlinear second harmonic generation (SHG) imaging, as recently described (16) . Collagen fibrils are able to intrinsically generate an SHG signal, which can be quantified to reflect collagen content (22) .
Briefly, deparaffinized lung sections (100 m) were imaged on a Zeiss LSM510-Meta microscope with a ϫ63 1.4 NA Plan-Apochromat oil immersion objective, using a 800-nm mode-locked 100-fs pulsed Ti:sapphire laser (Chameleon, Coherent) for nonlinear excitation. SHG was detected with a narrow band 390-to 410-nm bandpass filter (Chroma), and autofluorescence was detected with a 450-to 700-nm broad bandpass filter. The area of SHG signal around a single pulmonary artery, measured as pixels, was calculated by an investigator blinded to treatment groups and expressed relative to the vessel perimeter, using Matlab (Mathworks) and ImageJ (NIH).
cGMP measurements by enzyme immunoassay. cGMP levels were measured as previously described (13, 20) . Briefly, lung tissue was homogenized in 10 volumes of 5% TCA (Sigma-Aldrich). Precipitate was removed by centrifugation at 1,500 g for 10 min. TCA was extracted using water-saturated ether (Sigma-Aldrich), and samples were acetylated according to the manufacturer's protocol. cGMP content was measured by enzyme immunoassay (EIA) in duplicate in the absence of any phosphodiesterase inhibitor, using a commercially available kit (Cayman Chemical). Results were measured using a Bio-Rad iMark automated plate reader at 405 nm. Results are shown as picomoles cGMP per milliliter per milligram total protein.
PDE5 activity assay. Total lung protein was freshly prepared for PDE5 activity assays, as previously described (10) . The protein was purified over a CentriSpin 10 column to remove any phosphate contamination (Princeton Separations). Protein concentration was determined as described above. Total protein (5 g) was assayed for cGMP hydrolytic activity using a commercially available colorimetric cyclic nucleotide PDE assay kit (Enzo Life Sciences). Each sample was read in duplicate, both without sildenafil and with 100 nM sildenafil (Sigma-Aldrich), to determine PDE5-specific cGMP hydrolytic activity. The samples were incubated at 30°C for 30 min and then incubated with the BIOMOL Green reagent (Enzo Life Sciences) at room temperature for 20 min. Results were measured using a Bio-Rad iMark automated plate reader (Hercules, CA) at 620 nm. The difference between the picomoles cGMP hydrolyzed per milligram total protein per minute without sildenafil and the picomoles cGMP hydrolyzed per milligram total protein per minute with sildenafil represents the PDE5-specific cGMP hydrolytic activity. Results are shown as the PDE5-specific picomole cGMP hydrolyzed per milligram total protein per minute.
sGC activity assay. Total lung protein was freshly prepared for sGC activity assays, as previously described (10, 20) . Each sample was dried, resuspended in cGMP EIA buffer, and acetylated according to the manufacturer's protocol. cGMP was measured by EIA in duplicate using a commercially available kit (Cayman Chemical). Results were measured using a Bio-Rad iMark automated plate reader at 405 nm. sGC activity results are shown as picomoles cGMP per milligram total protein per minute.
Statistical analysis. Data were analyzed by unpaired t-test or two-way ANOVA to determine differences between treatment groups and strain, followed by Bonferroni post hoc analysis using Prism software (GraphPad Software). Data are expressed as means Ϯ SE. Significance was defined as P Ͻ 0.05.
RESULTS

Loss of SMC-derived EC-SOD did not affect total lung EC-SOD but significantly decreased vascular EC-SOD content.
To evaluate the contribution of SMC-derived EC-SOD to lung and vascular EC-SOD content, we measured EC-SOD expression in the lung, aorta, and pulmonary artery of SMC EC-SOD KO and EC-SOD control mice. Conditional knockout of SMCderived EC-SOD markedly decreased EC-SOD content in both the aorta and pulmonary artery (Fig. 1, A-D) ; however, it did not change total lung EC-SOD protein expression (Fig. 1, E  and F) or activity (EC-SOD activity in U/g tissue: 264 Ϯ 13 EC-SOD CO vs. 243 Ϯ 18 SMC EC-SOD KO, P ϭ 0.46 by unpaired t-test, n ϭ 3-6).
Conditional depletion of SMC-derived EC-SOD augmented chronic hypoxic PH. The severity of hypoxia-induced PH was evaluated after 35 days of chronic hypoxia in SMC EC-SOD KO mice and EC-SOD control mice compared with normoxic mice. Chronic hypoxia PH, as shown by elevated RVSP, was worse in SMC EC-SOD KO mice compared with the EC-SOD control mice (Fig. 2A) . Whereas there were no differences in RVSP between the strains under normoxic conditions, the RVSP was higher at baseline in tamoxifen-treated EC-SOD control mice compared with mice not receiving tamoxifen (22 Ϯ 1.3 mmHg in untreated vs. 31.3 Ϯ 1.4 mmHg tamoxifen-treated EC-SOD control mice). The SMC EC-SOD KO mice exhibited RV hypertrophy at baseline. Chronic hypoxia-induced RV hypertrophy was further augmented in SMC EC-SOD KO mice compared with EC-SOD control mice (Fig. 2B) .
Conditional depletion of SMC-derived EC-SOD worsened hypoxia-induced pulmonary artery remodeling. Chronic hypoxia-induced vascular remodeling within the medial wall was determined in lung sections stained for ␣-SMA by counting the number of small muscularized vessels in a high-powered field and measuring the MWT of midsized pulmonary arteries. The number of small muscularized vessels increased in both strains after 35 days of chronic hypoxia, with a significantly greater increase in SMC EC-SOD KO mice compared with EC-SOD controls (Fig. 3, A and B) . MWT was increased in the SMC EC-SOD KO mice under normoxic conditions compared with the EC-SOD control mice. However, chronic hypoxia did not increase MWT in either strain (Fig. 3, C and D) . 
dismutase (EC-SOD) depletes vascular EC-SOD without decreasing lung EC-SOD expression. Representative Western blot analysis for EC-SOD in aorta (A), pulmonary artery (PA) (C), and lung (E) from male SMC EC-SOD KO (KO) and EC-SOD control (CO) mice. Corresponding relative densitometry for EC-SOD/␤-actin in aorta (B), PA (D), and lung (F). Both mouse strains expressed EC-SOD
loxP/loxP , but only the KO mice expressed Cre-recombinase, driven by the smooth muscle myosin heavy chain promoter and induced by tamoxifen. Both strains were treated with 5 sequential days of tamoxifen (0.4 mg/20 g body wt ip in sesame oil) followed by 2 wk of recovery. *P Ͻ 0.05 by unpaired t-test, n ϭ 3-6.
Vascular remodeling within the adventitia was evaluated by chronic hypoxia-induced collagen deposition, measured by two photon microscopy-SHG. There was no difference in collagen content at baseline. Both strains showed an increase in collagen deposition around the pulmonary arteries after 35 days of chronic hypoxia, and the collagen content was significantly increased in the SMC EC-SOD KO mice (Fig. 4, A and B) .
GC-cGMP-PDE5 signaling axis was similar in SMC EC-SOD KO and EC-SOD control mice.
Because PH in the setting of oxidative stress has been associated with disruption of cGMP signaling, we examined the GC/cGMP/PDE5 signaling pathway. There was a trend toward increased sGC protein expression in both EC-SOD control and SMC EC-SOD KO mice following exposure to chronic hypoxia relative to normoxic controls, which was similar between strains (Fig. 5, A and B) . There was no difference in sGC enzyme activity in SMC EC-SOD KO mice vs. EC-SOD control mice either at baseline or following chronic hypoxia (Fig. 5C ). Chronic hypoxia significantly increased total lung cGMP with no difference between EC-SOD control mice and SMC EC-SOD KO mice. Post hoc analysis further identified a statistically significant increase in cGMP content in response to hypoxia in the EC-SOD control mice (Fig. 5D ). PDE5 protein expression tended to decrease with chronic hypoxia in both EC-SOD control and SMC EC-SOD KO mice relative to room air controls, although there was no difference between strains (Fig. 6, A and B) . Furthermore, lung PDE5 enzyme activity was similar with normoxia and chronic hypoxia in both strains (Fig. 6C) .
Active eNOS was impaired in SMC EC-SOD KO mice.
Total eNOS expression was similar between the SMC EC-SOD KO and EC-SOD control mice in normoxia and hypoxia. In contrast, active phosphorylated eNOS, shown both by the relative amount of phosphorylated eNOS and the ratio of active phosphorylated eNOS to total eNOS, decreased only in the chronic hypoxia-exposed SMC EC-SOD KO mice (Fig. 7, A-D) . GTPCH-1, the rate-limiting enzyme responsible for synthesis of tetrahydrobiopterin (BH 4 ), also decreased only in the chronic hypoxia-exposed SMC EC-SOD KO mice (Fig. 7, A and E).
DISCUSSION
In this study, we demonstrate that the conditional SMC knockdown of EC-SOD depleted pulmonary vascular EC-SOD without changing total lung EC-SOD content or activity and worsened chronic hypoxic PH. Loss of the EC-SOD would be expected to increase ambient levels of O 2 ·Ϫ , which is known to react with NO · at a near-diffusion limited rate and thereby reduce bioactive NO · . Our current data suggest that the loss of EC-SOD also impacts other aspects of the NO · pathway in a deleterious fashion, by diminishing activation of the eNOS and reducing the enzyme responsible for synthesis of the eNOS cofactor BH 4 . Our first observation was that the conditional knockdown of SMC-derived EC-SOD markedly depleted EC-SOD in the pulmonary artery and aortic homogenates but did not impact total lung EC-SOD content. This is consistent with the initial report using this mouse strain, in which the activation of Cre led to loss of EC-SOD in the aorta and mesenteric arteries but not the lung, heart, or kidney (23). Our results indicate that, despite production and secretion of active EC-SOD by other cells in the lung, the vascular SMC is the predominant source of pulmonary artery EC-SOD. We did not detect any differences in baseline pulmonary artery pressures in the EC-SOD control strain compared with the SMC EC-SOD KO mice. Similarly, these mice previously were shown to have normal baseline systemic blood pressures compared with the control strain (23) . This mouse strain is useful to interrogate the impact of insufficient vascular EC-SOD on the pathogenesis of disease in models of PH.
The conditional depletion of SMC-derived EC-SOD significantly augmented the severity of chronic hypoxia-induced PH, shown by elevated RVSP and RV hypertrophy, as well as pulmonary vascular remodeling, shown by medial wall thickening, muscularization of small pulmonary vessels, and perivascular collagen deposition. Loss of EC-SOD augments the severity of disease in a wide range of lung and vascular diseases, including PH. For example, Xu et al. reported that mice lacking total body EC-SOD develop worsened chronic hypoxic PH (36) . Our laboratory and others have convincingly demonstrated that total lung overexpression of EC-SOD, either in genetically engineered mice overexpressing lung EC-SOD or rodents treated with adenoviral EC-SOD expression vectors, protects against chronic hypoxic-, bleomycin-, or monocrotaline-induced PH (3, 17, 19, 27, 32, 36) . We recently tested a novel strain of mice lacking vascular EC-SOD due to the knockin of a common human single nucleotide polymorphism (R213G EC-SOD KI) that lowers the heparin binding affinity of EC-SOD. Similar to the SMC EC-SOD KO mice used in this study, both strains have decreased vascular EC-SOD. However, the R213G EC-SOD KI mice differ since they have an alleledependent decrease in total lung EC-SOD content along with a concurrent increase in plasma and bronchoalveolar lavage fluid EC-SOD. This model reflects not a loss of synthesis but instead a redistribution of EC-SOD from its bound state to the extracellular fluids. These R213G EC-SOD KI mice also show exaggerated chronic hypoxic PH and pulmonary vascular remodeling, similar to the SMC EC-SOD KO mice (16) . These results indicate that insufficient vascular EC-SOD due to either decreased production by the SMC or decreased binding to the vasculature both increase the severity of chronic hypoxic PH, and this response is independent of stable lung EC-SOD, as in the SMC EC-SOD KO, or increased plasma EC-SOD, as in the R213G EC-SOD KI. The localization of EC-SOD depletion specifically within the pulmonary artery dictates the vascular response. Two other published studies provide strong evidence that loss of EC-SOD within a specific local environment impacts disease progression. First, while SMC KO of EC-SOD did not augment angiotensin II-induced systemic hypertension, selective knockdown of central EC-SOD expressed by the circumventricular organ raises systemic blood pressure and enhances angiotensin II-induced hypertension, showing the importance of the specific site of localization of EC-SOD (23) . Second, the conditional knockdown of EC-SOD in lung mesenchymal stem cells augmented chronic hypoxic PH, through activation of canonical Wnt signaling that caused a loss of stemness with a transition to a contractile pericyte/myofibroblast phenotype (5). Our findings using this novel mouse strain have broader implications to the progression of PH because EC-SOD expression and activity are decreased in a number of models of PH across species as well as a human study of idiopathic PAH (25) . Collectively, we propose these findings confirm a critical role for vascular EC-SOD in protection against PH and vascular remodeling.
NO
· can directly bind to and activate sGC, leading to cGMP-dependent vasodilation. In PH, loss of endothelialderived NO · can decrease activation of sGC and thus decrease cGMP-dependent vasodilation. In addition, increased PDE5 activity can enhance the degradation of cGMP, also impairing vasodilation (11, 12, 14, 34 (23, 28) . We therefore tested whether disruption of the sGCcGMP-PDE5 signaling axis could account for the exaggerated PH in chronically hypoxic SMC EC-SOD KO mice. Interestingly, we note that hypoxia increased cGMP levels, with no A: densitometry for sGC ␣-and ␤-isoforms relative to ␤-actin in total lung homogenates from CO and KO mice exposed to normoxia and 35 days of hypoxia; n ϭ 5-6. B: representative Western blot analysis for sGC subunits. C: sGC activity in lung homogenates from CO and KO mice exposed to normoxia or 35 days of hypoxia; n ϭ 5-6. D: cGMP content in lung homogenates from CO and KO mice exposed to normoxia or 35 days of hypoxia. *P Ͻ 0.05 vs. CO Norm by 2-way ANOVA, n ϭ 5-6. Fig. 6 . Conditional depletion of SMC EC-SOD did not impact lung phosphodiesterase 5 (PDE5) expression or activity. A: densitometry for PDE5 relative to ␤-actin in total lung homogenates from CO and KO mice exposed to normoxia and 35 days of hypoxia; n ϭ 5-6. B: representative Western blot analysis for PDE5. C: PDE5 activity in lung homogenates from CO and KO mice exposed to normoxia or 35 days of hypoxia; n ϭ 5-6. overall difference between strains. On post hoc analysis, we could only demonstrate an increase in cGMP in the EC-SOD control mice, potentially suggesting that the ability to increase cGMP-dependent signaling in the SMC EC-SOD KO was in fact impaired. Although the finding that hypoxia increased lung cGMP differed from results reported in some studies of PH, it was consistent with published data by others demonstrating that hypoxic exposures ranging from 6 days to 5 wk increased total lung cGMP (21, 31) . The hypoxia-induced increase in cGMP has been proposed to be a compensatory response to the ongoing vascular remodeling and vessel pruning. We did not note any significant changes in either sGC expression or activity or PDE5 expression or activity in either EC-SOD control or SMC EC-SOD KO mice in hypoxia, suggesting that the increased cGMP may be regulated by other pathways such the natriuretic peptide pathway and particulate GC. These studies are particularly interesting in light of studies suggesting that different sources of oxidative stress may initiate different intracellular signaling pathways. For example, we previously demonstrated that hyperoxia increases ROS production within the mitochondrial matrix in isolated PASMC, which upregulates PDE5 enzyme activity and decreases cGMP levels in these cells (13, 14) . Thus, it is possible that we did not see changes in PDE5 and impaired cGMP signaling in the present study because different sources of ROS are activated by hypoxia, and vascular EC-SOD targets extracellular O 2 ·Ϫ . Overall, the augmented chronic hypoxic PH and vascular remodeling in SMC EC-SOD KO mice could not be conclusively attributed to loss of cGMP-dependent signaling. Our final experiment demonstrated that the EC-SOD control and SMC EC-SOD KO mice expressed similar total eNOS, whereas only the chronically hypoxic SMC EC-SOD KO mice showed a marked decrease in the active phosphorylated form of eNOS as well as the redox-sensitive enzyme GTPCH-1, responsible for BH 4 synthesis, an essential cofactor for eNOS. These data indicate that the augmented chronic hypoxic PH in the SMC EC-SOD KO mice was due, at least in part, to disrupted eNOS activity. This seemed to be multifactorial, with both loss of phosphorylation of eNOS and uncoupling due to loss of substrate for eNOS activity. These data are consistent with studies from the ductal ligation model of neonatal PH that also suggests that decreased EC-SOD activity is associated with decreased eNOS function and eNOS uncoupling. Delivery of recombinant SOD to neonatal lambs with PH reversed PH, increased GTPCH-1 expression, and increased BH 4 levels, indicating that GTPCH-1 is a redox-regulated enzyme and loss of extracellular SOD also impairs its expression and activity in this model of PH (4, 9, 11, 12, 34, 35) . Future studies may determine the specific cGMP-independent targets responsible for worsened PH due to increased production of O 2 ·Ϫ and decreased production of NO · following the disruption of eNOS activity. Fig. 7 . Active eNOS and GTP cyclohydrolase-1 (GTPCH-1) expression in lung decreased in hypoxia-exposed KO mice. A: representative Western blots for total eNOS (eNOS), phosphorylated active eNOS (ph-eNOS), GTPCH-1, and ␤-actin in total lung homogenates from CO and KO mice exposed to normoxia and 35 days of hypoxia. Western blot analysis for eNOS/␤-actin relative to CO Norm (B), pheNOS/␤-actin relative to CO Norm (C), ph-eNOS/total eNOS (D), and GTPCH-1/␤-actin relative to CO Norm (E). *P Ͻ 0.05 vs. CO Norm by 2-way ANOVA, n ϭ 3-6.
We recognize several limitations with this study. The mouse model of chronic hypoxia-induced PH, while reproducible and well-characterized, does not reflect the marked degree of pulmonary vascular remodeling or inflammation that is observed in human disease. Although we demonstrated worsened medial and adventitial wall remodeling, this model does not enable us to assess the impact of insufficient vascular EC-SOD on intimal changes, even though this is an important feature of pulmonary artery remodeling in the clinical setting. In the future, we plan to test more robust models of PH associated with remodeling in all three layers of the vessel wall as well as inflammation. Another limitation is that, since we used lung tissue to evaluate the sGC-cGMP-PDE5 axis, we may miss more subtle changes in pulmonary artery expression or activity. The lung changes may not fully reflect the changes observed in the pulmonary artery, as has been shown in large animal models (10, 11) . Finally, one possible hypothesis is that the SMC EC-SOD KO mice have uncoupled eNOS, which further amplifies oxidative stress in the vasculature. Measuring and quantifying in vivo oxidant stress, while not impossible, is challenging, particularly when considering the effects of reoxygenation on ROS and NO · production. Future studies are needed to more fully understand the mechanisms responsible for the exaggerated injury in the SMC EC-SOD KO mice in response to chronic hypoxia.
In summary, we demonstrate that, despite no change in total lung EC-SOD content, the selective depletion of SMC-derived pulmonary vascular EC-SOD worsened chronic hypoxic PH. The augmented PH was shown by measures of hemodynamics as well as analysis of pulmonary vascular remodeling. We did not find evidence that the enhanced PH in the setting of low vascular EC-SOD was due to impaired cGMP-dependent signaling. Instead, we found that there was decreased activation of eNOS and decrease in GTPCH-1, indicating that impaired eNOS activity could account for the exaggerated PH in the mice with insufficient pulmonary vascular EC-SOD. These studies demonstrate the necessity to consider the compartmentalization of oxidant production and antioxidant activity and the importance of extracellular oxidant/antioxidant imbalance on specific redox-sensitive signaling pathways.
